Remote atmospheric measurements of SO 2 and CH 4 were performed using a differential absorption lidar with a continuously tunable LiNbO 3 parametric oscillator and amplifier source in the 1.4-4.0-gm region. A comparison of injected gas concentration in a remotely located sample chamber showed excellent agreement with a SO 2 detection sensitivity of 0.9 ppm-km. An ambient level measurement of methane at the 1.66-gim overtone transition gave 3.9 + 0.7 ppm Performance predictions indicate an order of magnitude gain in sensitivity is possible with recently demonstrated tunable source improvements. The wide tuning range capability allows the measurement of numerous other pollutant molecules in the 1.4-4.0-,um region.
Introduction
Various laser radar methods have been devised and reviewed for the remote monitoring of atmospheric air pollution. 1 -5 Monostatic (single ended) systems, using diffuse reflections from buildings, foliage, hillsides, clouds, or other convenient targets, are self-contained, potentially portable, and operationally more convenient than bistatic systems. Monostatic systems have been demonstrated using discretely tunable laser transmitters with wavelengths that are coincident with specific pollutant absorption lines. 6 -8 A continuously tunable laser source extends the capabililty of monostatic lidar. systems for remote measurements of gaseous pollutants. 9 A system operating in t! ir rather than the uv 1 0 has the added advantages of eye safety and full daylight operation. This paper describes a monostatic lidar system with a parametric oscillator tunable source and presents measurement results for CH 4 at 1.66 ,m and scattering cases, developed in review articles, 3 -5 are
Topographic target:
expt-2 fR[aca + c(r)K(X)]drl;
Mie Backscattering:
d(R) exp -2 fR[xa + c(r)K(X)]dr},
where Et = energy transmitted per pulse; Rft = receiver factor including detector response, optical efficiency, and amplifier gain; A = area of receiver mirror; R = range to target; aa = extinction coefficient due to scattering (assumed uniform with range); p = topographic target reflectivity;
f3(R) = Mie backscattering coefficient;
(cr)/2 = minimum distance resolution of system; c (r) = concentration of pollutant gas;
K(X)
= absorption coefficient of pollutant gas; These relations have been slightly modified from the usual lidar range equations by including the detector and amplifier response time characteristics. For the absorption measurements of gaseous pollutants, the only dependence on wavelength is assumed to be in the K(X) absorption coefficient term. The differential absorption measurement proceeds by measuring the difference between the return signal strengths due to slight shifts in transmitted wavelengths. The concentration is then derived from The atmospheric measurements utilize a LiNbO 3 parametric oscillator tunable source13"1 4 located in a ground floor laboratory, with the transmitted beam 
Mie backscattering:
where Vff and V denote the signal voltage with the wavelength tuned off the molecular resonance and the signal voltage with the wavelength tuned on molecular resonance, and r is the range variable. The sensitivity or lowest concentration level that a lidar can detect is determined by the noise inherent in the detector and amplifier system. From Byer and 
where PN is the power due to noise in the receiving system, and PrO 1 and P, 0 en.pOI. are the powers received by lidar tuned off and on the molecular resonance during the detection of a pollutant cloud, and Prec.amb. and Prec.amb. are the powers received by lidar tuned off and on the molecular resonance due to the ambient pollutant level in the atmosphere. The above relations suggest that a continuously tunable source is more versatile than a discretely tunable laser as a transmitter, since continuous tuning provides freedom to optimize the measurement. The on and off tuned wavelengths may be chosen to avoid directed to the roof top transmitter and receiver. Figure 1 is a schematic of the tunable source. The pumping source for the parametric oscillator and amplifier is a 6.35-mm diam Nd:YAG unstable resonator laser oscillator' 5 with a 9.53-mm diam Nd:YAG amplifier operating at a 10-pps repetition rate. The parametric oscillator is pumped by 125-mJ 8-nsec long pulses through a Faraday rotator isolator. The parametric amplifier is driven by 325-mJ pulses generated in the Nd:YAG amplifier. The parametric oscillator is a singly resonant oscillator with a double-pass pump wave, utilizing a 20-mm diam 6-cm long angle phase matched LiNbO 3 crystal as the nonlinear medium. The parametric signal wave, tunable from 1.4 Atm to 2.13 ,im, is resonated in a 13-cm cavity formed between a 600-groove/mm grating, for tuning and bandwidth control, and a 75% transmittance output coupler. The generated idler wave tunes from 4.0 ,m to 2.13 Aim. The linewidth of the parametric signal wave output for the measurements was 3.5 cm- 1 . This can be reduced to 0.2 cm-' by inserting a tilted etalon in the signal wave cavity.
A second LiNbO 3 crystal is operated as a single-pass parametric amplifier with an energy amplification to 10-20.16 The pulse-to-pulse stability of the tunable output is on the order of 20%. The source parameters for the various measurements are summarized in Table  I . The tuning of the parametric oscillator and amplifier is controlled by a PDP-11 minicomputer through cm Hz/ 2 /W at liquid nitrogen temperature.. The telescope may be pointed in any direction over a full hemisphere since the telescope mount is fully steerable.
The coaxial transmitter/receiver telescope is relatively easy to align with excellent alignment stability.
A sample chamber, borrowed from SRI International, was utilized to make direct comparisons between lidar measurements and a known concentration of gas for the SO 2 measurements. Figure 2 shows the telescope and the sample chamber used for SO 2 measurements. The chamber was located 120 m from the telescope, had a lidar pathlength of 2.44 m, and was situated to use an oak tree located another 75 m beyond the chamber as a topographic reflector. The chamber windows of 12.7-,gm thick polyethylene were mounted 15° from the normal to minimize surface back reflections. 
Measurements
A. Return Signal Example Figure 4 shows an example of a return signal received for a transmitted wavelength of 1.06 gim. The first peak of the return corresponds to the Mie backscatter signal, while the second peak is a reflection from hills 12.3 km from the telescope. Parameters from the measurement will illustrate the use of Eqs. (1) Figure 5 illustrates the tunable source wavelength scanning capability, with Hoover tower, located 750 m from the telescope, serving as the topographic target.
Since the wavelength region covered in the scan was quite broad, 100% scans were taken by reflecting some of the output directly into the receiver. The signalto-noise value for the scan was 60. The source and receiver information are summarized in Table I . Figure  5 demonstrates the very wide tuning range capability available with the parametric oscillator and amplifier source. Each of the three segments was scanned in a continuous manner in approximately 10 min. This is z I'5 wavelength from an on-resonance to off-resonance position over a duration of 50 sec. After first checking a methane spectrum by Herget 2 4 an initial choice of the P(1) line was discarded due to excessive water vapor interference. A measurement trial was made with the P(7) line at 3.39 gim. It was found that the absorption coefficient of P (7) sensitivity for this overtone measurement should be quite useful for surveillance for gas leaks or checking for vapor clouds caused by liquid natural gas spills.
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D. SO 2 Measurements
Measurements of SO 2 vapor with a remotely located sample chamber allowed direct comparison of lidar measurements with known gas concentration values.
Testing of the lidar over a wide range of gas concentration values and determination of the system sensitivity were also accomplished with the sample chamber. The 4.0-gum spectral region is advantageous for monitoring SO 2 The resultant averaging effectively utilizes 500 laser shots for each gas concentration data point. The lidar measurement of SO 2 requires a two-step process. The chamber is purged of the gas to be measured, and a reference scan is taken to obtain a 100% transmission as a check on the system stability. The gas is then transferred from a prechamber of known volume, temperature, and pressure and mixed with sample chamber air by a stirring fan. The sensitivity of the lidar for SO 2 measurements is 0.9 ppm-km, which is derived by extrapolating the measurement to a unity SNR. The source parameters are summarized in Table I . The linewidth value of 4.0 cm-' for this measurement is quite appropriate since the SO 2 band linewidth is pressure broadened by the atmosphere to at least that order.
IV.
Summary and Conclusions
The research work reported here demonstrates the use of a moderate-energy continuously tunable ir source for remote measurement of SO 2 and CH 4 . The topographical reflection method was used with a foliage target for the SO 2 measurement and a building target for CH 4 . This use of targets of convenience is an important requirement for future field use of lidar system. Sample chamber tests were conducted for SO 2 measurements over a wide range of concentration values.
The agreement between gas concentration values in the chamber and lidar measurements was within experimental error. The ambient level of CH 4 was measured over a 5.4-km pathlength. Again, good agreement was obtained between the lidar value and a regional air pollution monitoring station. Recent advances in parametric oscillator performance, both with regard to increases in output energy and substantial reduction in linewidth, have been demonstrated. 2 8 Also pulsed dye laser oscillator and amplifier combinations for use in ir generation by mixing have improved substantially. 2 9 Either of these sources driving a parametric amplifier should provide waves, making possible an important improvement in the ir tunable system measurement capability. From the measurement described here, it is possible to project the sensitivity resulting from improved parameter choices as indicated in Table II . The values have been derived using the signal-to-noise analysis in Byer and
Garbuny.1
